Antenatal glucocorticoids treatment has been shown to correct pulmonary immaturity. The thymidine analog bromodeoxyuridine (BrdU) is incorporated into S-phase cells and used as a marker of DNA synthesis. In this study, we investigated the effect of antenatal glucocorticoid administration on DNA synthesis and RNA and protein content in nitrofen-induced congenital diaphragmatic hernia (CDH) in rats to better understand the effect of antenatal glucocorticoids on CDH lung. The CDH model was induced in pregnant rats using nitrofen. Dexamethasone (0.25 mg/kg) was given on d 18.5 and 19.5 of gestation (term ϭ 22 d). BrdU was administered 1 h before fetuses were killed on d 21, and detected by immunohistochemistry. DNA synthesis was evaluated by percentage of BrdU-incorporated nuclei (BrdU labeling index). Total RNA and soluble protein were extracted from another set of left lungs to measure RNA and protein content. BrdU labeling index and total RNA content were significantly decreased in CDH lung compared with control rats. Antenatal dexamethasone treatment significantly increased BrdU labeling index and RNA and protein content in the left CDH lung. Our findings of decreased DNA synthesis and decreased RNA and protein content in CDH lung suggest that lung growth and development are suppressed in hypoplastic CDH lung. Increased DNA synthesis and increased RNA and protein content in dexamethasone-treated CDH lung suggest that antenatal glucocorticoids may accelerate fetal lung growth and development in CDH. The high mortality in patients with CDH has been shown to be the result of pulmonary hypoplasia and persistent pulmonary hypertension (1). Although newer treatment modalities, including high-frequency ventilation, extracorporeal membrane oxygenation, surfactant therapy, and nitric oxide inhalation, have been introduced in an attempt to improve survival in patients with CDH, the mortality in this condition still remains high (1, 2).
The high mortality in patients with CDH has been shown to be the result of pulmonary hypoplasia and persistent pulmonary hypertension (1) . Although newer treatment modalities, including high-frequency ventilation, extracorporeal membrane oxygenation, surfactant therapy, and nitric oxide inhalation, have been introduced in an attempt to improve survival in patients with CDH, the mortality in this condition still remains high (1, 2) .
Recent improvements in antenatal sonography have resulted in a large number of CDH cases being diagnosed antenatally (3) , which provided a possibility of antenatal treatment for severe CDH patients. Recently, antenatal administration of glucocorticoid has been proposed as a noninvasive modality in promoting fetal lung maturation and differentiation. Several control trials have shown the beneficial effects of antenatal glucocorticoid therapy as a means of promoting lung maturation and preventing respiratory distress syndrome in premature human newborns (4, 5) . In experimentally produced CDH in animals, it has been reported that antenatal glucocorticoid treatment improves surfactant biochemical immaturity, increases lung compliance and distensibility, enhances lung morphology, and reduces pulmonary vascular adventitial and medial thickness (6 -11) . The exact mechanism by which antenatal glucocorticoid therapy improves pulmonary immaturity in CDH is not fully understood.
BrdU is a thymidine analog that is incorporated into the newly replicated DNA of S-phase cells. Since an antibody specific for BrdU was developed by Gratzner (12) , immunohistochemical staining of BrdU-labeled nuclei has been used to evaluate DNA synthesis and cell kinetics both in vitro and in vivo (12, 13) . As DNA-synthesizing cells are in the proliferative phase of the cell cycle, BrdU can be used as a marker of cell proliferation activity. The percentage of BrdU-positive cells (BrdU LI) is often used to evaluate the proliferative activity of malignant tumors to predict the prognosis (13) . BrdU LI and RNA levels are considered to indicate cellular activity. In the present study, we investigated the effect of
METHODS
Creation and treatment of CDH. Timed pregnant Sprague Dawley rats (vaginal plug positive, d 0; term, d 22) were administered 100 mg of nitrofen (WAKO Chemicals, Osaka, Japan) dissolved in olive oil as a single dose via a stomach tube under short-term anesthesia on d 9.5 of gestation to induce CDH in fetal rats. In control animals, the same dose of olive oil was given without nitrofen. Antenatal Dex (0.25 mg/kg) or normal saline was administered intraperitoneally on d 18.5 and 19.5 of gestation. The dose and timing of Dex administration were chosen as it approximates dose and timing currently used in human pregnancy to hasten maturation of fetal lungs (4, 5) , and it is known to be the lowest effective dose that has resulted in biochemical and morphologic improvement with the least effect on somatic and pulmonary growth (6) . The fetuses were divided into three groups: nonnitrofen, non-CDH, and nonsteroid (control, n ϭ 16); nitrofen-induced CDH (CDH, n ϭ 16); and nitrofen-induced CDH with antenatal Dex treatment (CDH ϩ Dex, n ϭ 16). Eight lungs in each group were used for the immunohistochemical detection of BrdU. Left lungs in the other eight fetuses in each group were used for the measurement of RNA and protein content.
Administration and immunohistochemical detection of BrdU. To label cells synthesizing DNA, the pregnant rats received an i.v. bolus injection of 50 mg/kg BrdU in saline. One hour later, cesarean section was performed under anesthesia, lungs were dissected out, and the weights of the fetus, lungs, and liver were recorded. The lungs were immediately inflated with 10% formalin at a pressure of 20 cm H 2 O.
BrdU incorporation into proliferating cells was determined immunohistochemically using a mouse MAb. The specimens were fixed in 10% formalin and embedded in paraffin. Threemicrometer-thick paraffin sections were cut, mounted on polylysine-coated glass slides, and stained using standard streptavidin-biotin immunoperoxidase method (Universal LSAB 2 kit, Dako Ltd., Glostrup, Denmark). To denature DNA and expose BrdU incorporated in nucleus, the dewaxed sections were placed in 10 mM citrate buffer (pH 6.0) and heated in a microwave oven twice for 5 min before staining. Anti-BrdU MAb (Dako) was used as the first antibody at a dilution of 1:40, at 4°C overnight. A light hematoxylin counterstain was used for nuclear identification. Controls for specificity consisted of omission of the first antibody.
Counting procedure of BrdU-labeled cells. BrdU uptake by DNA replicating cells was evaluated in two components separately: 1) the alveolar walls comprising epithelial cells (pneumocytes), endothelial cells, and fibroblasts in the bronchoalveolar duct and alveolar sacs excluding terminal bronchiolar epithelium; and 2) airway epithelium in bronchioles, including terminal bronchiolar epithelium. Smooth muscle and vascular and hematogenous elements were excluded from counting. A minimum of two different sections from each specimen were chosen for counting. The total number of nuclei in each of these compartments, and the number of BrdU-positive nuclei therein, were counted using a computerized image analysis system (Interactive Image Processing System IPS ver. 4.01, Alcatel TITN Answare, Cedex, France). At least 10 random fields of alveolar region and all bronchioles were captured with video camera at ϫ400 magnification, and at least 1,000 nuclei of each component were evaluated per section. Results were expressed as the percentage of BrdU-positive nuclei (BrdU LI).
Measurement of total RNA and protein content. Another set of lungs were dissected, snap-frozen, and stored at Ϫ70°C until RNA and protein were extracted. Weights of the fetus and left lung were recorded. Total RNA and soluble protein were extracted from eight left lungs in each group using commercially supplied solution (Trizol Reagent, Life Technologies, Paisley, U.K.) according to the recommended protocol. RNA concentration of the extract was measured using a Beckman DU 640 UV spectrometer (Beckman Instrument Inc., Fullerton, CA, U.S.A.), and protein concentration was measured using BCA Protein Assay Kit (Pierce, Rockford, IL, U.S.A.). Total RNA and soluble protein content was calculated as the total amount extracted (in micrograms) divided by left lung weight (in milligrams).
Statistics. Results were expressed as means Ϯ SD. Data were analyzed by ANOVA. The statistical significance between groups was determined by Fisher's protected least significant difference test. StatView software (Abacus Concepts, Berkeley, CA, U.S.A.) was used for all statistical work. A p value of less than 0.05 was taken as significant.
RESULTS

Immunostaining of BrdU.
Immunoreactivity of BrdU was confined to the nucleus, and positive nuclei were easily detectable in each specimen (Figs. 1-3) . Numerous BrdU-positive nuclei were found both in the alveolar wall and airway epithelium in the normal control lung (Fig. 1) . The number of BrdU-positive nuclei was markedly decreased in CDH lungs 
790
( Fig. 2) and increased in CDH lung by antenatal Dex treatment (Fig. 3) .
The data of BrdU LI are summarized in Table 1 . The cells in alveolar walls showed higher BrdU LI than those in airway epithelium in each group. BrdU LI was significantly decreased in the CDH group compared with the control group both in alveolar wall and airway epithelium in both lungs (p Ͻ 0.01). Antenatal Dex treatment significantly increased BrdU LI both in alveolar walls and airway epithelium in left lung (p Ͻ 0.05). In right lung, BrdU LI was slightly increased in the CDH ϩ Dex group compared with the CDH group; however, there was no statistical difference. To determine whether these alterations were restricted to the lung, the BrdU LI was also determined in liver. There was no difference of BrdU LI in the liver cells among the three groups (data not shown).
Total RNA and protein content. Lung weight/body weight ratio and total RNA and protein content are shown in Table 2 . Left lung weight was significantly smaller in CDH fetuses than in control animals (p Ͻ 0.01). It was increased by antenatal Dex treatment, but this was not statistically significant. RNA content was significantly decreased in the CDH group compared with the control group (p Ͻ 0.05). Protein content was also decreased in the CDH group compared with the control group, but this was not statistically significant. RNA as well as protein content was significantly increased in the CDH lung by antenatal Dex treatment (p Ͻ 0.05).
DISCUSSION
The beneficial effects of antenatal glucocorticoid therapy are now well established as a means of promoting lung maturation and preventing respiratory distress syndrome in premature infants (4, 5) . The similarities between the lungs of babies who die from CDH and the lungs of premature infants with respiratory distress syndrome suggest a possible role for prenatal glucocorticoids in enhancing lung maturation in CDH. Little is known, however, about the underlying regulatory mechanisms of accelerated fetal lung growth by glucocorticoids.
The present study focused on the effects of antenatal glucocorticoid therapy on DNA synthesis. To evaluate the cellular DNA synthesis, we used a thymidine analog, BrdU, a sensitive and specific indicator of DNA synthesis and cell proliferation. We also measured total RNA and protein content of lungs to evaluate cellular protein synthesizing activity. Our results clearly showed that DNA synthesis and total RNA content were significantly decreased in nitrofen-induced CDH lung compared with control lungs. Antenatal Dex treatment significantly enhanced DNA synthesis and increased total RNA and protein content in CDH lung. These findings suggest that cellular proliferative activity and protein synthesis are suppressed in hypoplastic CDH lung, resulting in the retardation of lung growth and development. Antenatal glucocorticoid administration accelerates fetal lung growth and development by stimulating the cellular proliferative activity and protein synthesis in hypoplastic CDH lung. 
DNA SYNTHESIS IN CDH LUNG
Increased DNA synthesis and RNA and protein content are reported in other models of accelerated lung growth, such as tracheal occlusion and postpneumonectomy lung. Tracheal occlusion before birth can cause dramatic lung growth and maturation in fetuses with pulmonary hypoplasia (14 -16). De Paepe et al. (17) showed that increased cell proliferation and accelerated architectural and cellular maturation were observed in lungs in the tracheal-occluded fetal rabbit by postligation d 4 and 5. Brody et al. (18) and Rannels et al. (19) have shown that DNA synthesis was elevated and total lung RNA and protein were increased during rapid lung growth after pneumonectomy. Knowledge of these cellular mechanisms may help us to elucidate the physiologic and molecular basis of lung development seen in these conditions, including Dex-treated CDH lung, and may enable us to manipulate fetal and perinatal lung growth with antenatal therapy.
Recently, antenatal administration of glucocorticoids has been proposed as a noninvasive modality in promoting fetal lung maturation and differentiation. In experimentally produced CDH in animals, antenatal glucocorticoid treatment has been reported to improve morphologic and surfactant biochemical immaturity (6, 7) . Our findings of increased DNA and protein synthesis by antenatal Dex treatment may suggest that these improvements were regulated at the molecular level. Losty et al. (8) have reported that antenatal Dex treatment increases lung compliance and distensibility. One of the possible mechanisms by which antenatal glucocorticoids therapy improves pulmonary compliance is that glucocorticoids increases lung tissue volume by stimulating lung proliferative activity and protein synthesis.
Beck et al. (20) reported that lung weight per body weight was 13% increased by antenatal betamethasone administration in rhesus fetus, and Asabe et al. (21) reported that lung weight per body weight was about 20% increased by antenatal Dex treatment in the oligohydramnios-induced hypoplastic lung of rabbit fetuses. Our findings suggest that increased DNA synthesis and RNA and protein contents by antenatal Dex treatment may be responsible for the increase of lung weight seen in these models.
In the present study, DNA synthesis and RNA and protein contents were significantly increased, whereas lung weight was not significantly increased in Dex-treated CDH lung. One possible reason is the removal of excess lung water by Dex treatment. Ariagno et al. (22) demonstrated a marked steroidinduced reduction in lung water content in newborn mice raised in an 80% oxygen environment. They showed that the decrease in lung water was related to a loss of fluid from the interstitial tissue of the lung. Sahebjami et al. (23) have also shown that steroids can accelerate the resolution of pulmonary edema and improve alveolar volume. Their findings, together with our results of increase in lung proliferative activity as well as RNA and protein content by antenatal Dex treatment, suggest that Dex treatment induces pulmonary fluid shifts, which may reduce lung edema and improve lung function.
The mechanisms by which antenatal glucocorticoids increase pulmonary DNA and protein synthesis are unclear. Glucocorticoids influence numerous physiologic and pathologic processes. Steroidal control of lung morphogenesis is mediated by regulating the effects of growth factors, cytokines, and their receptors (24 -26) . There is increasing evidence to suggest that growth factors play a crucial role in fetal lung development in a paracrine or autocrine fashion. Recently, we evaluated mRNA expression of various peptide growth factors in Dex-treated CDH lung in rats. Our results showed that IGF-I and IGF-II were decreased by antenatal Dex treatment, whereas basic fibroblast growth factor, platelet-derived growth factor, and transforming growth factor-␤1 were increased (27, 28) . These results lead us to speculate that a prenatal imbalance may exist between synthesis of various growth factors and cytokines in the lung, and that glucocorticoids may stimulate cellular DNA and protein synthesis by regulating these growth factors and cytokines, resulting in acceleration of lung development. Further studies are needed to evaluate the effect of antenatal glucocorticoids on other possible mediators that increase cellular DNA and protein synthesis, such as hormones, growth factors, and cytokines.
